Currently, vehicular ad hoc networks (VANET) has been paid much attention. Also, we utilize 4000 taxis and 1000 buses equipped with GPS-based mobile sensors in Shanghai city, which constitute a GPS-based vehicular networks if we assume that vehicles can communicate with each other. Unfortunately, these sensors are set with long sampling interval by the taxi or bus companies, such as 1-2 minutes. In order to analyze the characteristics of this vehicular networks, such as connectivity, effective networking protocol and mobility model, first we need to get the real trace of vehicles based on sparse GPS data we received due to the long sampling interval. In this paper, we are interested in developing a practical map-matching algorithm because of the well-known error of GPS data. Two algorithms for mapmatching (NMA and EMA) are proposed based on the distance and angle factors. These algorithms are verified by the field test. The testing result shows that a practical mapmatching algorithm EMA can work fairly well based on these imperfect data made available by the GPS-based sensor in Shanghai urban area.
Introduction
Currently, thousands of taxis and buses are running in Shanghai, as well as other cities. Taxi companies often equipped GPS-based sensor on their vehicles, which provide longitude and latitude coordinates, timestamp, Direction of Headway (DH), for an effective vehicle dispatching, monitoring of taxis and security purposes, as shown in Figure 1 . We can carry out our research on vehicular ad hoc networks (VANET) by using these vehicles if we assume that vehicles can communicate with each other. The taxi companies, however, often set sensor with a long sampling interval, such as 1-2 minutes, which is very different from regular sampling rate of GPS device, such as 1Hz. This is because taxi companies want to reduce communication cost of sending sensor data to the data centre and are only interested in the general location of their vehicles. On the other hand, sensors with a short sampling interval would generate massive data traffic, resulting in potential network congestion. In our work, we utilize 4000 taxis and 1000 buses equipped with GPS-based mobile sensors in Shanghai Before carrying out research on this vehicular networks, such as connectivity [6] , effective networking protocol [9] and mobility model [3] , first we need to get the real trace of vehicles based on sparse GPS-data we received due to the long sampling interval. Thus, in this paper, we are interested in developing a practical map-matching algorithm because of the well-known error of GPS data. That is, the process of locating sensing data onto a road network map is called mapmatching. In reality, due to various types of errors and imprecise information collected, the direct location based on its geographical location could lead to being mapped off the road, or on a wrong road. This paper is temporarily not concerned with details of the networking aspects, but primarily with how to get the real location of vehicle for real trace identification if the sensor devices only provide sparse and incomplete real-time information. This is a fundamental problem need to be solved. Two algorithms for map-matching (NMA and EMA) are proposed based on the distance and angle factors. These algorithms are verified by the field test. The testing result shows that a practical algorithm EMA can work fairly well based on imperfect data in Shanghai urban area. 
Related Works
Approaches to map-matching can be categorized into three types: topological and geometrical, probabilistic, and fuzzy logical [1] [7] [8] . A topological and geometrical approach takes topology and geometry characteristics of road networks into account during map-matching [3] . A probabilistic approach considers all links that fall within an error ellipse around a position as the candidate links to conduct mapmatching [4] . However, it may be ineffective in urban areas because the vehicle trajectory derived from the positioning system is quite different from the actual route due to inherent problems associated with GPS. A fuzzy logic approach allows a qualitative decision-making process to be modelled. The basic characteristic of this approach is to build various knowledge-based IF-THEN rules [5] . The application environment in our work limits applicability of the existing approaches mentioned above. Data sampling with a long interval discriminates value of historical information since vehicles can travel across several links and intersections during such a long interval, possibly leading to completely changes of speed, direction of headway, etc. Besides, a probabilistic approach cannot work well due to limitation of urban area, where the road network is dense and the adjacent roads are often parallel with each other. So it is difficult for a probabilistic approach to differentiate which roads the vehicle is really on; similarly, a fuzzy logic approach requires more information than we have, such as the changes of instant speed and direction of headway in very short time period. Due to the data quality in our work, Figure 4 . Naive Map-matching Algorithm we have to develop a practical map-matching algorithm without relying on the historical information unless the sampling interval becomes shorter, such as 20s at least.
Algorithms for Map-matching in Shanghai Urban Area
A road network consists of a set of roads embedded in a predefined geographical region, such as metropolitan of Shanghai. With GIS repository used in this paper, a B-graph is a geographical-based partial map, containing two types of legends: point and polyline, as illustrated in 
Naive map-matching algorithm
Initially, we only use distance to assist the map-matching process, therefore, naming it as Naive Map-matching Algorithm (NMA). Given a geographical location Ψ, NMA attempts to locate a meaningful geographical location Ψ' on the road map, which has a minimal distance to Ψ. Here, the distance between Ψ andΨ' is a dominant factor in processing of map-matching. The road map of Shanghai is divided into 30×30 grids by meridian and woof, which are denoted as G={G 0 , G 1 ... G 899 }. We also define ResideG(B i , G k ) is a Boolean function such that ResideG(B i , G k ) is true if link L i lies or passes across the region of G k . We present NMA as a procedure Map NMA (Ψ, Ψ') as shown in Figure 4 .
Enhanced map-matching algorithm
A pure distance map-matching has problems in some situations. To enhance NMA, Ω, as an angle of DH, is used to assist the map-matching process. Two factors are considered to improve accuracy in remedying Ψ into Ψ'. One is the distance, d(Ψ, Ψ'), the shorter the better. The Figure 6 . Statistic result of sampling interval other is the inscribed angle, δ(Ω, θ Ψ' ), the smaller the better, where θ Ψ' is the line direction in which Ψ' is located. We present this Enhanced Map-matching Algorithm (EMA) as a procedure Map EMA (Ψ, Ω, Ψ') in Figure 5 .
Performance Evaluation
Existing map-matching approaches presented very poor performance and are not practical and adaptable in Shanghai urban area because of limitations in the application environment such as long sampling interval. And the map also has been transformed for military purpose before we got it. Thus, in this section, we mainly focus on performance evaluation of our map-matching algorithms, which aims to demonstrate the feasibility of our approach in Shanghai urban area based on such challenged data background. Figure 6 shows the statistic of sampling interval of sensor data pairs with randomly selected 1347 data pairs from 300 taxis during 8:00-20:00 on May 21, 2007. Most of data pairs have long time interval, only 12.28% of them are less than 30s. However, 44.93% of them are more than 120s. Especially, 6.86% exceeds 300s, which are hardly to be located on right road by previous map-matching approach. The average sampling interval is about 129s. We consider the quality of the sensor data is poor as a vehicle at speed of 40km/h can travel as much as 1433m in 129s.
Statistics of sampling interval

Field testing results of NMA and EMA
Samples of GPS data are collected to test performance of two map-matching algorithms by recording the route of taxi with a video device that keeps time synchronization (<1s) with the sensor to track the right link. Therefore, we are able to verify the results of map-matching algorithms. Figure 7 shows the percentages of right matching of NMA and EMA are 61.1%, and 90.5%, respectively. There are 821 out of 1347 samples that are matched correctly by both algorithms and 128 samples that are located incorrectly by two algorithms, either located to wrong links or cannot be located on any link. for all k j }, where, k i or k j is a node that belongs to polyline m in B m , 1 ≤ | X | ≤ K m , X contains nodes with a minimum distance to Ψ.
• Every line e(k i , k i+1 ) has at most two geographical angles α (ki,ki+1) and α (ki+1,ki) if it is not a one-way.
• Given Ω, define its inscribed angle with line e(k i , k i+1 ) to be θ(Ω, l(k i , k i+1 )) = MIN(abs(Ω,α (ki,ki+1) ),abs(Ω,α (ki+1,ki) )) • Find a node k i ∈X with a minimal value of θ(Ω, l(k i , k i+1 )) or θ(Ω, l(k i-1 , k i )) among other nodes in X. Name the line that yields the result as line e.
• Find Ψ' in line e to yield a minimal value of h(Ψ, e) and return a new geographical location Ψ'. 
Lessons Learned
Four main causes are identified to be responsible for the incorrect map-matching. First, some links are built in parallel with meridian or woof so that their B-graphs become very narrow (26 samples). Therefore sensor data cannot reside in B-graphs, as shown in Figure 8(a) . Second, some links are in parallel and nearby with each other and their B-graphs have considerable overlap, so it is hard to use angle information to matching the correct link (39 samples), as shown in Figure   8 (b).
Third, there are many elevated roads in Shanghai. As the GPS data only has two-dimension coordinates, it is almost impossible to identify whether the taxi is on the elevate road or the road below it (34 samples), as shown in Figure 8(c) . Last, the GPS data with large error cause mismatching (29 samples). We still cannot identify the reason of the large Figure 7 . Testing results of NMA and EMA error. One reason could be malfunction of the GPS device. Another reason could be the quality of digital map used in this system. The map has been transformed for military purpose before we got it.
Conclusion
A GPS-based vehicular networks that consists of 4000 taxis and 1000 buses is available in Shanghai, from which analysis of characteristics of this vehicular networks, such as connectivity, effective networking protocol and mobility model can be carried out. Before such works, we first need to get the real trace of vehicles based on sparse GPS-data we received due to the long sampling interval. The sensor data we received is sparse, imprecise, and error-prone. Based on such data background, we proposed a practical mapmatching algorithm EMA. Field test has been conducted for evaluating the performance of two map-matching algorithms. The testing result shows that EMA can work fairly well based on these imperfect data in Shanghai urban area.
